Secreted polysaccharides are important functional and structural components of bacterial biofilms. The opportunistic pathogen Pseudomonas aeruginosa produces the cationic exopolysaccharide Pel, which protects bacteria from aminoglycoside antibiotics and contributes to biofilm architecture through ionic interactions with extracellular DNA. A bioinformatics analysis of genome databases suggests that gene clusters for Pel biosynthesis are present in >125 bacterial species, yet little is known about how this biofilm exopolysaccharide is synthesized and exported from the cell. In this work, we characterize PelC, an outer membrane lipoprotein essential for Pel production. Crystal structures of PelC from Geobacter metallireducens and Paraburkholderia phytofirmans coupled with structure-guided disulfide cross-linking in P. aeruginosa suggest that PelC assembles into a 12-subunit ring-shaped oligomer. In this arrangement, an aromatic belt in proximity to its lipidation site positions the highly electronegative surface of PelC toward the periplasm. PelC is structurally similar to the Escherichia coli amyloid exporter CsgG; however, unlike CsgG, PelC does not possess membrane-spanning segments required for polymer export across the outer membrane. We show that the multidomain protein PelB with a predicted C-terminal β-barrel porin localizes to the outer membrane, and propose that PelC functions as an electronegative funnel to guide the positively charged Pel polysaccharide toward an exit channel formed by PelB. Together, our findings provide insight into the unique molecular architecture and export mechanism of the Pel apparatus, a widespread exopolysaccharide secretion system found in environmental and pathogenic bacteria.
biofilms | exopolysaccharides | Pseudomonas aeruginosa | PEL | X-ray crystallography E xopolysaccharides are crucial for bacterial biofilm development and pathogenesis. Studies have shown that deletion of genes responsible for polysaccharide synthesis in Pseudomonas aeruginosa (1, 2), Escherichia coli (3, 4), Yersinia pestis (5), Staphylococcus aureus (6), Bordetella pertussis (7), and Burkholderia cepacia (8) abolish biofilm formation and/or significantly compromise bacterial virulence (4, 9, 10). Although the importance of exopolysaccharides is widely accepted for these and other pathogens, the exact mechanisms underlying their biosynthesis and export remain poorly understood.
The opportunistic pathogen P. aeruginosa is genetically capable of synthesizing at least three distinct exopolysaccharides: alginate, PSL, and PEL (11) . Each of these polysaccharides contributes to the ability of the bacterium to cause chronic infections in the lungs of cystic fibrosis (CF) patients (12, 13) . Within that environment, P. aeruginosa undergoes significant genetic diversification, leading to phenotypic heterogeneity (14) . For example, some P. aeruginosa CF isolates display a mucoid colony morphology, which is caused by the overproduction of alginate (15) ; others form small wrinkly colonies, which are characteristic of PSL and PEL overproduction (13, 16) . PSL and PEL can serve redundant functions in the biofilm structure, and together or individually act as structural scaffolds to maintain biofilm integrity (17, 18) .
PEL is a cationic exopolysaccharide composed of partially deacetylated 1,4-linked N-acetylglucosamine and N-acetylgalactosamine (19) , which has been shown to initiate and maintain bacterial cell-cell interactions and provide resistance to aminoglycoside antibiotics (17) . The capacity for PEL to cross-link extracellular DNA within the biofilm and interact with the anionic host-derived polymers mucin and hyaluronan suggest an important role for this polysaccharide in disease pathogenesis (19) . Previous work defined a seven-gene operon, pelABCDEFG, essential for PEL biosynthesis in P. aeruginosa (9, 20) . Bioinformatics and limited structural and biochemical analyses have begun to shed light on the enzymes and chemistry underlying PEL polymerization and deacetylation (21) (22) (23) (24) ; however, details surrounding secretion of the mature Pel polysaccharide across the outer membrane (OM) remain largely unknown.
Relative to better-studied exopolysaccharide biosynthetic systems, one of the curious features of the PEL system is the OM-associated protein, PelC. In this study, we identified PelC orthologs in over 125 bacterial species linked to other pel genes; this allowed us to solve
Significance
Pseudomonas aeruginosa biofilms are exceedingly difficult to eradicate once established. This resilience is facilitated, in part, by the secretion of polysaccharides that contribute to biofilm structural integrity. The cationic exopolysaccharide PEL plays an important role in disease pathogenesis; however, the mechanisms underlying its biosynthesis are poorly understood. In this work, we identify the pel operon in more than 125 proteobacteria, demonstrating that its distribution was previously underestimated. We show that the essential outer membraneanchored protein PelC forms a 12-subunit ring with an electronegative surface that we propose guides PEL toward the membrane-embedded secretion channel. Our work provides insight into a widespread outer membrane infrastructure unobserved in any other currently identified polysaccharide biosynthetic apparatus.
X-ray crystal structures of PelC orthologs to reveal a 12-subunit ring arrangement with a central opening of over 30 Å. Functional studies reveal PelC is localized to the inner leaflet of the OM, positioning the electronegative surface of PelC toward the periplasm. We demonstrate that the negative charge within the PelC pore is critical for biofilm formation and propose that PelC acts as a molecular funnel to guide the positively charged PEL toward the β-barrel PelB pore.
Results
The pel Operon Is Widely Distributed in Proteobacteria. The Pel polysaccharide was first identified in P. aeruginosa (25) , and has been studied nearly exclusively using this model organism. Sequencebased searching has previously identified putative pel genes in Geobacter, Burkholderia, and Ralstonia species (9) , and the Pseudomonas Orthologous Group classification system (26) suggests that pel operons may be widespread in Pseudomonads. Because PelC is short (172 residues), has no identifiable conserved domain, and is essential for PEL production in P. aeruginosa, we reasoned that its amino acid sequence might be ideal for identifying pel gene clusters in other bacteria.
BLASTP searching of the Pseudomonas, Burkholderia, and National Center for Biotechnology Information (NCBI) databases revealed PelC orthologs in 128 bacterial species. A total of 126 nonredundant PelC orthologs had >70% coverage and >35% identity to P. aeruginosa PelC (PelC Pa ), and were linked to at least one or more genes with similarities to those encoding the P. aeruginosa Pel apparatus. The majority (∼54%) were linked with operons that had complete synteny with the archetypal P. aeruginosa pelABCDEFG operon. A Bayesian analysis of operon-linked PelC orthologs suggests that the Pel secretion system is distributed in at least 45 bacterial genera, but especially in beta-and gammaproteobacteria (Fig.  S1 ). These results suggest that distribution of pel gene clusters has been previously underestimated among bacteria. Because the genetic basis for biofilm formation in the majority of cultured bacteria has not been defined, we can now begin to determine the contribution of PEL to biofilm formation in these bacteria, which include environmental and opportunistically pathogenic species.
PelC Assembles into a Ring-Shaped Dodecamer. Previously, it was proposed that the amphipathic C-terminal α-helix of PelC oligomerizes to form a membrane-spanning channel in the OM in a manner analogous to the capsular polysaccharide export protein Wza from E. coli (24) . However, more recent bioinformatics analysis of PelC suggests that the C-terminal helix is not membrane spanning and instead is an integral part of its predicted α/β fold (11) . To resolve these discrepancies and shed light on the function of the protein, we undertook structural studies on PelC. Because PelC Pa was recalcitrant to crystallization, we determined the structure of mature Geobacter metallireducens PelC minus its signal sequence (NHis 6 -PelC Gm , hereafter referred to as PelC Gm ) to 2.25-Å resolution (Table S1 ). PelC Gm is 39% identical to PelC Pa .
PelC Gm has a mixed α/β fold ( Fig. 1A) , with four β-strands (β1 and β5-β7) forming an antiparallel β-sheet on one face of the protein, whereas helix α1 and the C-terminal helix α3 form the opposite face (Fig. S2 ). PelC Gm crystallizes with four molecules in the asymmetric unit, with two molecules arranged in an antiparallel orientation, and two of these pairs packing together via their β-sheets (Fig. 1B) . Because homodimerization of a pair of molecules is facilitated by strand β1, which is formed by residues of the vector-encoded thrombin cleavage site of the histidine-tag (Fig.  S3A ), we reasoned that this tetramer is unlikely to represent a biologically relevant arrangement of PelC. Therefore, to determine the structure of PelC in the absence of any nonnative amino acids, we removed the His 6 -tag from PelC Gm . Because untagged PelC Gm failed to crystallize, we explored the use of alternative orthologs and determined the structure of untagged PelC from Paraburkholderia phytofirmans (PelC hereafter referred to as PelC Pp ) to 2.1-Å resolution. PelC Pp shares 41% identity with PelC Pa .
PelC Pp and a single amino acid variant PelC Pp L103M were crystallized. Although the L103M variant was designed to facilitate structure determination using the single wavelength anomalous diffraction technique, both structures were determined by molecular replacement, using PelC Gm as a search model. PelC Pp L103M crystallized in space group C2 with 12 molecules per asymmetric unit (Fig. S3B ). Although the native PelC Pp crystallized in space group P6 with four molecules per asymmetric unit (Fig. S3C, gray) , analysis of the crystal packing reveals that both the wild-type and L103M variant form the same ring-shaped oligomer. Each ring is comprised of 12 PelC molecules with an overall diameter of 120 Å and a 32-Å diameter pore (Fig. 1C ). The ring arrangement is similar to a funnel without its stem, and as such, displays both convex and concave surfaces (Fig. 1E ). Individual subunits of PelC Gm and PelC Pp are very similar, with a rmsd of 0.881 Å over 105 C α between the two most complete chains (Fig. S2 ). To determine if the dodecameric arrangement observed might represent a biologically relevant state, we examined the location of conserved residues across the 126 nonredundant PelC ortholog sequences using MUSCLE alignment (27) . In support of the biological relevance of our oligomeric structure, we found that the most highly conserved residues line the pore and form the protomer-protomer interface ( Fig. 1 D and E) . In addition, a search of the Protein Data Bank (www.rcsb.org) using DALI (28) reveals that PelC most closely resembles the middle domain of Vibrio alginolyticus FlgT (FlgT-M), a protein required for anchoring the flagellum to the pole of the cell (Fig. S4A) (29, 30) , and the periplasmic segment of the curli amyloid export protein CsgG from E. coli (Fig. S4B) . Both of these proteins form higher-order oligomeric structures, providing structural precedents for the PelC arrangement observed in this study.
Structure-Guided Disulfide Cross-Linking Stabilizes a PelC Multimer in P. aeruginosa. In vitro characterization of mature PelC Pa , which lacks the native lipidation site, indicates that the protein is monomeric in solution (Fig. S5A) . PelC Gm and PelC Pp similarly do not form a dodecamer in solution (Fig. S5 B and C) . We hypothesized that PelC may require the presence of its lipid anchor and the OM for oligomerization (31, 32) . To address this question, structureguided disulfide cross-linking was performed in P. aeruginosa to determine whether the protein adopted a higher-order oligomeric state in vivo. For this and subsequent experiments, we used the P. aeruginosa PAO1 ΔwspF Δpsl P BAD pel strain, which was engineered for arabinose-inducible expression of the Pel polysaccharide (23) (Fig. S6A) . To investigate structure-function relationships of PelC in vivo, an in-frame deletion of pelC was introduced into the ΔwspF Δpsl P BAD pel strain. This mutation abolished arabinose-inducible biofilm and pellicle formation (Fig.  S6A) . Next, araC-P BAD was fused directly to the pelC ORF. Subsequently, the ΔwspF Δpsl P BAD pel ΔpelC strain was complemented with wild-type pelC on this miniTn7 vector, or with a panel of derived double-cysteine mutants designed to allow for intermolecular disulfide cross-linking between PelC protomers (SI Materials and Methods). We reasoned that if PelC forms an oligomer as suggested by our crystal structure, cysteine cross-linking would allow for covalent trapping of this species (18) . We found that an N116C/L118C double-mutant (hereafter referred to as PelC DSB ; Fig. 2A ) resulted in the formation of a single oligomer as seen by Western blot (Fig. 2B and Fig. S6B ). This oligomer was sensitive to treatment with a reducing agent, indicating that its formation was due to the engineered cysteines. Importantly, complementation of our pelC deletion strain with pelC DSB restored biofilm formation, indicating that the crosslinked protein is functional (Fig. S6A) . To examine the cross-linked PelC further, we purified a C-terminal histidine-tagged PelC DSB from P. aeruginosa. Preliminary analysis using negative-stain electron microscopy reveals a uniform ring-like complex ∼120 Å in diameter (Fig. S7) , consistent with our crystal structures. Taken together, these data suggest that PelC forms a functional multimer in vivo.
PelC Localizes to the Inner Leaflet of the Outer Membrane. Previously, PelC has been determined to localize to the OM (24); however, whether PelC resides on the periplasmic or extracellular leaflet of this membrane is unknown. We therefore examined the susceptibility of PelC in intact P. aeruginosa cells to proteinase K treatment, which would shear any extracellular regions from the membrane. Western blot analysis of whole cells revealed that PelC levels after treatment were unchanged relative to untreated cells (Fig. 3A) . In contrast, treatment of lysed cells resulted in significant degradation of PelC. Because the lipoprotein PilF exhibited a similar degradation profile, our data suggests that PelC, like PilF, localizes to the periplasmic leaflet of the OM (33) .
Residues on the Membrane Proximal Convex Surface of PelC Are Essential for Function. The PelC Pp structure suggests that the convex surface of the ring (Fig. 1E) is proximal to the membrane. This surface not only exhibits an overall positive charge allowing the protein subunits to interact with negatively charged phosphate groups of OM phospholipids (Fig. 3B ), but would also contain the lipid anchor found at the N terminus of each PelC protomer. The structure also reveals that spatially adjacent to the N terminus is a conserved tryptophan (W149 in PelC Pa ), which in the PelC oligomer forms an aromatic belt (Fig. 3C) . Tryptophan residues are commonly found at membrane interfaces, further supporting our hypothesis that the convex surface is positioned toward the membrane (34, 35) . To test this, we generated lipidation site variants, C19S, C19A, and C19G, and alanine point variants of W149, R151, and E121 (Fig. 3D) and examined their effects on biofilm formation (Fig. 3E) . R151 is in close proximity to W149 and also extends away from the convex surface, whereas E121 is found on an adjacent loop and is not predicted to face the membrane. Although all of the C19 variants ablated biofilm formation, we are unable to attribute this to loss of lipidation as any mutation of this residue destabilizes the protein. This destabilization may have occurred as a result of the inability of the localization of lipoproteins (Lol) machinery, a system for lipoprotein sorting and membrane localization that is highly conserved in Gram-negative bacteria, to properly recognize and target PelC to the OM (36) . The results for the C19S variant are shown in Fig. 3E , Bottom. The W149, R151, and E121 alanine variants produce PelC protein at comparable levels to wild type, but each mutation has a different effect on biofilm formation. The W149A variant was unable to form a biofilm, whereas R151A displayed an intermediate phenotype. The E121A variant had no effect on biofilm formation (Fig. 3E , Top and Middle). Comparable results were observed for site-directed mutations engineered into the chromosome of P. aeruginosa PA14, a strain that naturally produces a PEL-dominant biofilm matrix (Fig.  S8) . Together with our structural analysis, these data suggest that in addition to the C19 lipid anchor, W149 may play a role in positioning PelC at the OM, possibly acting as a second point of contact with the membrane. We propose that in the absence of W149, PelC would then rely on one anchor point, C19; this may not be enough to maintain PelC in its functional state. To test this finding, we used the covalently linked functional PelC DSB oligomer (Fig. S6A) , and generated the W149A mutation in this background. We found that PelC DSB W149A was able to oligomerize, as well as form a biofilm; however, surface attachment was impaired (Fig. S9) , which suggests that stabilizing the oligomeric state of the protein in the cross-linked PelC DSB can partially compensate for the absence of this critical tryptophan residue.
A Negatively Charged Pore Is Critical for PelC Function. Our data suggests that the convex face of the PelC dodecamer is oriented toward the membrane; this would position the highly electronegative concave surface of PelC toward the periplasm (Fig. 4A) . To test the functional significance of this negatively charged surface, we generated a series of lysine variants (Fig. 4B ) and examined their effects on biofilm formation (Fig. 4C) . Select solvent-exposed residues were mutated to lysine, and glutamine residues were also mutated to glutamate. Of the residues tested, only mutation of D119, which is positioned in the central pore, abrogated biofilm formation (Fig. 4C , Top and Middle). This defect is not due to destabilization of PelC or disruption of oligomerization, because protein levels are comparable to the parental strain (Fig. 4C , Bottom) and the oligomer still forms in the PelC DSB D119K mutant (Fig. S10) . Structural modeling suggests that a lysine in this position would not occlude the pore. In contrast, the biofilms of variants distal to the pore were indistinguishable from the parental strain. The reduced surface attachment phenotypes of Q46K, Q46E, and Q49E, together with the biofilm-deficient D119K mutant, suggest that the overall surface charge of PelC proximal to the pore is important, and that the charge within pore is critical for PelC function. Collectively, our data suggests that the cationic PEL may be extruded through the negatively charged pore formed by PelC. In this model, PEL is more likely to encounter residues within the pore than at the extremity of the concave surface, which may account for the surface attachment defects for proximal but not distal variants.
PelB Is an Outer Membrane Protein with a Predicted Transmembrane
β-Barrel Domain. PelC shares structural similarity to the periplasmic portion of the E. coli amyloid export protein CsgG (Fig. S4B) . Each CsgG monomer also possesses four β-strands, which multimerize to form a single 36-stranded transmembrane β-barrel. In contrast, our crystal structures suggest that PelC lacks membranespanning segments that could serve as a polysaccharide export channel. Therefore, we reasoned that another Pel protein, most likely PelB, encodes the integral OM exporter. PelB has been shown to be essential for PEL synthesis, because deletion of pelB causes a severe biofilm deficiency (17) . Structure prediction algorithms indicate that the N terminus of PelB contains a tetratricopeptide repeat (TPR) domain, whereas the C terminus is predicted to form an OM β-barrel porin (11, 37) . To test this prediction, we performed subcellular fractionation studies in our PEL-inducible strain and found that PelB, like PelC, partitions to the OM (Fig. 5A ). Because our strain does not overexpress the assembly machinery for protein transport across the IM or for β-barrel assembly, as anticipated some PelB was also found in the cytoplasm and IM. We next sought to test whether PelB possesses a β-barrel porin, which would allow PEL to traverse the OM. Transmembrane β-barrel porins are generally resistant to SDS denaturation, which results in aberrant migration of these proteins during SDS/PAGE. This resistance to denaturation can be overcome by heat treatment before electrophoresis, resulting in denatured protein that migrates at its expected molecular weight (38, 39) . Consistent with the hypothesis that PelB contains a transmembrane β-barrel porin, we observed a difference in molecular weight between untreated and heat-treated samples (Fig. 5B) . (C, Top) Surface attachment determined using the microtiter dish biofilm assay; error bars indicate the SEM from 10 independent trials performed in triplicate. Statistical significance was evaluated using one-way ANOVA with Bonferroni correction; *P < 0.01, **P < 0.0001 compared with the wild-type strain. (C, Middle) Standing biofilm assay; the black arrow indicates the location of the biofilm. (C, Bottom) Western blot analysis of whole-cell lysates of the indicated P. aeruginosa strains using PelC-specific antibodies. NSB, nonspecific band. 
Discussion
In this study, our phylogenetic analysis using PelC revealed that the distribution of the pel operon has been previously underestimated. The operon was identified in more than 125 bacterial species, suggesting that PEL may play an important role in biofilm formation in a wide range of bacteria, especially in the beta-and gammaproteobacteria. Herein we have determined the structures of two PelC orthologs, PelC Pp and PelC Gm. PelC Pp revealed a dodecameric ring arrangement, which we have validated as biologically relevant using structure-guided disulfide cross-linking in P. aeruginosa. Sequence-and structure-based comparisons of PelC orthologs have proven useful in exposing conserved features that are critical for the biological function of this protein. Our in vivo mutagenesis studies have not only identified residues that appear essential for the correct positioning of the PelC oligomer against the OM (e.g., C19 and W149), but we have also shown that a negatively charged PelC pore is critical for protein function and biofilm formation.
PelC is structurally similar to two other multimeric ring-forming proteins. FlgT is a periplasmic protein whose middle domain, FlgT-M, closely resembles PelC (29) . FlgT anchors the flagella into the membrane in V. alginolyticus, because ΔflgT strains release the fully formed flagella into the growth medium (30) . In contrast, the ability of FlgT to form a ring is lost when the FlgT-M domain is deleted. This ring assembly is required for interactions with MotX and MotY, which form an additional ring structure that surrounds FlgT and are required for incorporation of the stator unit into the basal body and its stabilization (29) . The periplasmic region of the curli amyloid secretion channel formed by CsgG in E. coli also shares significant structural similarity to PelC (31, 40) . Nonameric CsgE and CsgG interact to form a chamber enclosing discrete polypeptide chains to prevent the aggregation of nascent curli amyloid (41) . These structurally similar oligomeric proteins lend support to the ring forming capacity of the PelC fold, and suggest that the arrangement observed in the crystal structures is essential for PelC function.
Considering our structural and functional analyses, we propose the following model. Once newly synthesized PEL enters the periplasm, it is deacetylated by the periplasmic deacetylase PelA, which confers a net positive charge on the polymer (19, 23) . This cationic polymer then traverses the periplasm to reach the OM secretion apparatus. Like the AlgK and PgaA proteins found in the alginate and PNAG secretion systems, respectively, we expect that the N-terminal TPRs of PelB exist in the periplasm. Interestingly, between the predicted N-terminal TPR and C-terminal β-barrel domains of PelB, is a stretch of ∼120 residues, which prediction algorithms can not confidently model as regular secondary structure. In our model, PelC assembles around this region of PelB, which would thread through the 30-Å pore created upon PelC oligomerization. We hypothesize that the highly electronegative surface of the PelC ring attracts cationic PEL toward its pore, funneling the polymer toward the transmembrane β-barrel domain of PelB, which is predicted to contain 16 β-strands (Fig. 6A) . To assess whether PelC could accommodate a β-barrel of this size within the dimensions of the aromatic belt, we modeled the crystal structure of the 16-stranded β-barrel of PgaA at the convex surface of the PelC Pp structure (42) . PgaA has a similar domain architecture to PelB and is responsible for the export of poly-β-1,6-Nacetylglucosamine in E. coli (4, 37). The diameter of PgaA is ∼40 Å, suggesting that PelC could multimerize around a β-barrel of this size, because the diameter of the tryptophan ring on the convex face is ∼60 Å (Fig. 6B) . Although we have been unable to demonstrate an interaction between PelC and PelB, this might be reflective of the size of the interface. It may be that the interface between the two proteins is mediated by only a few residues. It is possible that W149 could be involved in stacking interactions with aromatic residues in PelB located at the OM-periplasmic interface. PgaA has at least 12-14 aromatic residues at the OM-periplasmic interface, and perhaps PelB displays a comparable number. Another possibility includes the linker region of PelB, which may interact with PelC. At present, programs for β-barrel prediction are not accurate enough for us to be able to model PelB with any confidence, and without precise structural information we can only speculate about the nature of the interaction surface.
PelC is essential for PEL biosynthesis; however, analogous protein folds are not found in any other currently identified exopolysaccharide secretion systems. Indeed, our phylogenetic analysis did not reveal any PelC orthologs outside of the context of a pel gene cluster. Future studies to ascertain more about PEL biosynthesis and export, as well as exploring the protein interactions of this system, will benefit our understanding of other similar exopolysaccharide secretion systems and provide a platform for future therapeutic target development.
Materials and Methods
Detailed methods are described in SI Materials and Methods.
Bacterial Strains, Plasmids, and Growth Conditions. All P. aeruginosa strains were derived from PAO1 (43) . P. aeruginosa mutant and complemented strains were generated using allelic exchange and mini-Tn7 mutagenesis, respectively, as described previously (44, 45) . A detailed description of strains, plasmids, and primers used in this study can be found in SI Materials and Methods and Tables S2 and S3.
Crystallization and Structure Determination. The portion of each gene encoding mature pelC without its lipidation site from G. metallireducens and P. phytofirmans were cloned into pET-28a, which fuses an NHis 6 -tag to the protein to facilitate affinity purification. The vector was transformed into E. coli BL21 CodonPlus (DE3) for expression. Affinity-purified protein was subjected to size-exclusion chromatography using a HiLoad 16/60 Superdex 200 gel filtration column (GE Healthcare). Crystallization screens were set up by hand using the hanging-drop vapor-diffusion technique at room temperature. Crystals of PelC Gm appeared in 10 d, and for PelC Pp , crystals grew in less than 5 d. Se-Met derivative crystals were prepared as described above for the native crystals, with the exception that they were expressed in E. coli B834 Met− cells as described previously (46) . Biofilm Assays. Standing biofilm assays were performed as described previously (22) . Briefly, overnight cultures were grown in no-salt lysogeny broth (NSLB), and normalized to an OD 600 of 0.5. These cultures were diluted 1/100 in 3 mL NSLB containing 0.5% (wt/vol) L-(+)-ara and 30 μg/mL gentamycin where required and left undisturbed at 25°C for 48 h. Diluted cultures were also aliquoted into a 96-well polypropylene plate in triplicate with 0.5% (wt/vol) L-(+)-ara and incubated statically for 24 h at 25°C. Following incubation, nonattached cells were removed, and the plate was rinsed thoroughly with water. The plates were stained with 150 μL of 0.1% (wt/vol) crystal violet for 10 min. The plate was rinsed, and adhered crystal violet was solubilized in 200 μL of 95% (vol/vol) ethanol for 10 min with gentle agitation, and the absorbance subsequently measured at 595 nm.
